Semaphorins constitute a large and growing gene family, several members of which are axon guidance molecules. We report the characterization of sema4g, a novel class IV member of the semaphorin gene family, located on mouse chromosome 19. sema4g is expressed early in development in the brain, spinal cord, and several sensory organs as well as speci®c populations of projection neurons, compatible with the well-established function of semaphorins as axon guidance molecules. q
An issue central to developmental neurobiology is the understanding of how precise patterns of neuronal connectivity are established. Several families of axon guidance molecules have been identi®ed and shown to in¯uence axonal trajectories either by chemorepulsive or chemoattractive mechanisms (reviewed by Goodman, 1996) . One such class of molecules is encoded by members of the semaphorin gene family which are distinguished by the presence of a conserved ,500 amino acid semaphorin domain (Kolodkin et al., 1992 (Kolodkin et al., , 1993 Luo et al., 1993 Luo et al., , 1995 Puschel et al., 1995; reviewed by Mark et al., 1997) 1. Results
sema4g encodes a novel, class IV semaphorin
Using degenerate primers to conserved sequences in the semaphorin domain, we ampli®ed an ,750 bp PCR product encoding a sequence with high homology to members of the semaphorin gene family. Screening of a mouse olfactory bulb library with this fragment led to the isolation of a cDNA clone encoding the full-length open reading frame of a novel member of the semaphorin gene family, which we designated sema4g (Genback accession # AF134918).
sema4g encodes a predicted protein of 837 amino acids (Fig. 1) . The amino acid sequence of Sema4G ranges between 26±40% identical to other members of the semaphorin family, being most closely related in sequence and structure to class IV semaphorins (Puschel et al., 1995) . An alignment of Sema4G with its most closely related family member, Sema4C (previously referred to as M-Sema F, Inagaki et al., 1995) is shown (Fig. 1) . Like Sema4C and other class IV semaphorins, Sema4G is a transmembrane protein with a C2-type Ig-homology domain located between its semaphorin and transmembrane domains. The cytoplasmic region of Sema4G is proline-rich with a polyproline stretch between amino acids 764 and 773.
sema4g maps to the distal region of chromosome 19
Analysis using a mouse/hamster radiation hybrid panel indicates sema4g maps to chromosome 19, 10.1 cR 3000 from D19Mit53 (lod 17:5) and 31.3 cR 3000 from D19Mit89 (lod 9:5) (Fig. 2) that a 5 kb sema4g transcript is expressed in adult liver, kidney, and brain (Fig. 3) . However, no expression is detected in adult heart, spleen, skeletal muscle, lung, and testis.
1.4. sema4g is expressed in the developing central and peripheral nervous systems as well as in several somatic tissues
To determine the distribution of sema4g transcripts during development, we performed in situ hybridization experiments using animals ranging in ages from embryonic day E8.5 to post-natal day P2. No hybridization signal was detectable by whole-mount in situ hybridization in E8.5 and E9.0 embryos (Fig. 4A) . Comparisons of embryos hybridized with sense ( Fig. 4B ) and antisense ( Fig. 4C ) probes reveal speci®c expression of sema4g at E9.5. Detailed analysis of sema4g expression at E9.5 was assessed by both whole-mount and section in situ hybridization experiments. At this age, strong signal is observed in the liver, the epithelial lining of the branchial arches (Ba), the gut, and the most caudal regions of the tail (Fig. 4C,D) . At E10.5, sema4g expression persists in these regions; in addition weak expression is observed in the brain and spinal cord (not shown).
At later stages of development, sema4g expression is more widespread. The patterns of expression at E12.5 (not shown) and E14.5 are similar with sema4g displaying speci®c expression in a number of somatic tissues including the liver (Li), the outer cortical region of the kidney (Ki), hair follicles of the vibrissae (V), and the mucosal lining of the gut including the duodenum (Du) (Fig. 4E,F) .
Embryonic expression of sema4g is also observed in neural tissue including the brain, spinal cord, and several populations of peripheral neurons. At E14.5, sema4g is strongly expressed in the spinal cord (Sc) and throughout the brain including the differentiating cortex (Cx), thalamus (Th), hypothalamus (H), midbrain (M), and hindbrain (Hb) Fig. 1 . Predicted amino acid sequence of Sema4G. The predicted amino acid sequences of Sema4G and Sema4C are aligned, identical residues are boxed, and putative structural domains are marked. Signal sequences are underlined, semaphorin domains are denoted by arrowed brackets, Ig-homology domains are shown bracketed, and transmembrane spanning regions are underscored with a dashed line. The 14 cysteines that are highly conserved among family members are marked with asterisks. Amino acid positions are shown on left. The alignment was generated using the program Pileup (Genetic Computer Group package), the signal sequence of Sema4G was predicted using software SignalP V1.1 (Nielsen et al., 1997) , and the transmembrane domain of Sema4G predicted using software TMHMM 1.0 (Sonnhammer et al., 1998). including the pons (Po) (Fig. 4F,G) . Strong expression is also observed in the pituitary (Pi, Fig. 4G ).
sema4g expression is evident in several sensory ganglion. Strong expression is observed both in dorsal root ganglia (DRG) along the entire axis of the embryo (Fig. 4E,F) and by subset of cranial nerve ganglion cells including those of the trigeminal (Tr, Fig. 4F ), nodose (XG, Fig. 4F ), and vestibulocochlear (see below) ganglia.
sema4g transcripts are also detected in the developing neuroepithelia of several sensory organs including the retina, cochlea, vomeronasal organ, and olfactory epithelium (Figs. 4E,F and 5) . Within the eye, diffuse sema4g expression is seen as early as the optic cup stage (E12.5) in the developing retina (Fig. 5A) . The hybridization signal is more intense at E14.5 and localizes to the inner regions of the neuroepithelium (Fig. 5B) . By P2, sema4g transcripts are highly localized in the retinal ganglion cell layer (GCL) and the inner, most differentiated, region of the developing retina (Fig. 5C) .
At E12.5 (not shown) and E14.5, strong expression of sema4g is observed in the cochlea of the inner ear (Fig.  5D ). Higher magni®cation of the sensory region of the cochlea demonstrates that the sema4g is expressed in a broad domain that appears to encompass the developing sensory hair cells and supporting cells (Fig. 5E ). sema4g is also expressed in the vestibular and cochlear components of the vestibulocochlear ganglion (Fig. 5D) .
Within the olfactory system, sema4g expression is detected as early as E12.5 in the olfactory epithelium. At E14.5, expression is seen in olfactory sensory neurons of the olfactory epithelium and the developing olfactory bulb (Fig.  5F,H) . No expression is observed in the vomeronasal organ at early stages (Fig. 5H) , however by P2, sema4g transcripts are detectable in the neuroepithelia of both the vomeronasal organ (Fig. 5I ) and main olfactory system (Fig. 5G,I ). At P2, intense hybridization signal is observed in all of the neuronal layers of the olfactory bulb (Fig. 5G) .
Materials and methods
Degenerate primers to conserved regions of the semaphorin domain were used to amplify homologous sequences from ®rst strand cDNA prepared from mouse neonatal olfactory bulb RNA. The 5 H and 3 H primers used were AARTGGACIACITTYYTIAARGC and TCCCAIGCR-CARTRIGGRTC, respectively. A PCR product of , 750 bp encoding amino acids 280±525 of Sema4G was obtained. This fragment was used to generate probes for the cDNA library screen, Northern analysis, and in situ hybridization experiments. Screening of a neonatal olfactory bulb cDNA library yielded several positive clones. The largest of which contained the entire Sema4G open reading frame (2.6 kb) in addition to 0.4 kb and 1.4 kb of 5 H and 3 H untranslated sequences, respectively. Northern analysis using a multiple tissue Northern blot (Clontech, Palo Alto, CA) were performed according to manufacturer's instructions. Whole mount and section in situ hybridization experiments were performed as previously described (Riddle et al., 1993;  . sema4g is expressed in both neural and non-neural tissues. The developmental onset and patterns of expression of sema4g were examined by RNA in situ hybridization using both whole embryos and sections. (A±C) Whole embryos of indicated ages were hybridized with either antisense (A and C) or sense (B) digoxigenin-labeled cRNA probes derived from the coding region of sema4g. (D±G) Dark-®eld photomicrographs of sagittal sections prepared from an E9.5 embryo (D) or an E14.5 embryo (E,F, and G) and hybridized with a radiolabeled probe speci®c for sema4g are shown. Sections from the E14.5 embryo are arranged from most lateral (E) to most medial (G). See text for description of expression patterns. Scale bars: C, 500 mm (also applies to A and B); D, 200 mm; G, 1 mm (also applies to E and F). Abbreviations: Ba, branchial arch, Co, cochlea; Cx, cerebral cortex; DRG, dorsal root ganglia; Du, duodenum; H, hypothalamus; Hb, hindbrain; Ki, kidney; Li, liver; M, midbrain; OE, olfactory epithelium; Pi, pituitary; Po, pons; R, retina; Sc, spinal cord; Ta, tail; Th, thalamus; Tr, trigeminal ganglion; V, follicles of vibrissae; XG, nodose ganglion. Hybridized coronal sections are shown. At E14.5 and P2, sema4g expression is observed both in the olfactory bulb (arrowheads, F and G) and olfactory epithelium (arrows, F±I). sema4g is also expressed in sensory epithelium of the vomeronasal organ at P2 (arrowhead in I), however no expression is observed at E14.5 (arrowhead in H). Scale bars: (A,B,H), 50 mm; (C,D), 100 mm; (E), 30 mm; (F), 200 mm; (G,I), 500 mm.
